Magnetic resonance imaging (MRI) has long been regarded a general contraindication in patients with cardiovascular implanted electronic devices such as cardiac pacemakers or cardioverter defibrillators (ICDs) due to the risk of severe complications and even deaths caused by interactions of the magnetic resonance (MR) surrounding and the electric devices. Over the last decade, a better understanding of the underlying mechanisms responsible for such potentially life-threatening complications as well as technical advances have allowed an increasing number of pacemaker and ICD patients to safely undergo MRI. This review lists the key findings from basic research and clinical trials over the last 20 years, and discusses the impact on current day clinical practice. With 'MR-conditional' devices being the new standard of care, MRI in pacemaker and ICD patients has been adopted to clinical routine today. However, specific precautions and specifications of these devices should be carefully followed if possible, to avoid patient risks which might appear with new MR technology and further increasing indications and patient numbers.
Introduction
Magnetic resonance imaging (MRI) is the imaging technique of choice in a wide range of diagnostic tasks regarding neurological disorders, muscular and skeletal diseases. Most important, MRI offers better soft tissue contrast than other imaging modalities without the use of ionizing radiation. In the cardiovascular field, MRI is now considered the gold standard in the assessment of global and regional myocardial function, the detection of myocardial damage and viability after myocardial infarction, in congenital heart disease, and for detection of cardiac inflammation or infiltration in rare diseases like e.g. Fabry disease or certain haematological disorders. 1 At the same time, the number of patients with a cardiovascular implanted electronic device (CIED) is rapidly and constantly growing, now comprising several million patients worldwide. As early as in 2005, it was already estimated that 75% of all patients with pacemaker or implantable cardioverter defibrillator (ICD) systems will have the future need for an MRI investigation due to the high probability of comorbidities such as stroke, lumbar disease, arthritis, or cancer in this patient group. 2 However, one decade ago, MRI in patients with implanted cardiac devices was still denied due to serious safety concerns. It was not before 2011 that the FDA approved the first magnetic resonance (MR) conditional pacemaker system. In the following, we review the development of the devices and clinical trials over the last 10 years that led to the current EMA approval which now allows examining not only pacemaker, but even ICD patients in 1.5 and 3 T MR scanners, given certain prerequisites.
Adverse events
The safety of MRI examinations in patients with implanted rhythm devices was always high on the agenda in both the imaging and rhythmology community. Nevertheless, several fatal events occurred worldwide in the 20th century. However, these incidents were generally only poorly documented, because the MRI staff was not aware of the devices, and, therefore, MRI examinations were not well supervised particularly by a specifically trained cardiologist. 3 -8 Following in vitro and in vivo studies mainly focusing on radio frequency (RF) heating at the tip of cardiac pacemaker leads due to MRI raised safety concerns even further. 9, 10 In a similar welldocumented clinical setting, severe and permanent injuries because of RF burns related to implanted electrodes for deep brain stimulation were recorded during MRI. 11 Reports on increased pacing thresholds in some pacemaker patients after MRI also showed that RF heating around the lead tip may jeopardize the patient. 12, 13 Other raised safety issues included higher-grade battery impairment and electronic dysfunction. 13, 14 Experimental studies in a pig model proved the actual potential for induction of ventricular tachycardia during MR imaging of cardiac pacemakers. 10 Therefore, earlier guidelines declared cardiac pacemakers and ICDs as a contraindication for routine MRI. 15 
Technical considerations
When using MRI technique for imaging, different kinds of electromagnetic fields are utilized, which have the potential to interfere with the leads of cardiac pacemakers or ICDs: the static magnetic field, the pulsed gradient fields, and the RF fields. From the large variety of potential risks patients with CIED are exposed in the MRI environment originating from these different electromagnetic fields, three basic effects can be differentiated: mechanical effects, electromagnetic effects, and thermal effects.
Mechanical effects
While mechanical movement -eventually leading to device or lead dislocation -originally was one of the most feared threats, even older pacemaker leads do not contain strong ferromagnetic materials. 16 Therefore, the static magnetic field currently used in routine clinical MRI settings-that is, up to 3 T-shows no or only negligible interference with the leads. This does not hold true for the electronic devices, which contain several ferromagnetic components. Even though these ferromagnetic device components in cardiac rhythm devices continue to decrease, some essential parts such as the battery and transformers for charging capacitors in ICDs remain unexceptionally necessary. The threat of mechanical pacemakers or ICDs device movement increases with the magnetic field strength, the amount of ferromagnetic materials within the device, the distance from the bore of the MR scanner, and the stability of the device in the pocket (i.e. older implants have a fibrotic envelope). 17 Further experimental research proved mechanical force and torque effects under current day clinical practice in 1.5 T scanners to be in the order of physiological gravity and acceleration effects. 18 
Electromagnetic effects
In addition to mechanical device dislodgment, the static magnetic field may also have an impact on device function by affecting the reed switch behaviour. In theory, activation of the reed switch by a magnet sets a pacemaker to asynchronous mode, disables tachycardia detection, and/or therapy with subsequent fatal results in case a ventricular tachycardia is induced or occurs spontaneously and is not immediately terminated externally by the attending staff.
The pulsed gradient as well as RF fields of the scanner can induce electric currents in pacemaker leads, which can lead to over-or undersensing in CIED which might prevent necessary cardiac pacing by the device, or trigger anti-tachycardia pacing or shock by the device (Figure 1) . However, actual ICD shock delivery in the scanner bore will in most cases not be possible due to the effects of the external magnetic field on the ICD capacitor. 19 This not only might lead to battery depletion but also has to be considered in case an actual tachycardia occurs in the scanner bore. In addition, pulsed gradient fields might be strong enough to electrically stimulate the heart and eventually cause ventricular arrhythmias. 20, 21 In wellmonitored patients, this effect seems to be rare in clinical practice. 22 However, theoretical hazards have been experimentally replicated, proving that in the swine model these effects can indeed cause clinically relevant tachycardia. 10, 23 Therefore, arrhythmia induction might be the most probable explanation for the few reported fatal casualties of pacemaker patients in the MRI.
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Heating effects
In contrast to the pulsed gradient fields used for local encoding in MRI, which basically show electric interference with CIED, the Figure 1 . Two representative intracardiac electrogram readouts from conventional implantable cardioverter defibrillators during magnetic resonance imaging. Note pacing inhibition and VT detection due to radio frequency noise after starting magnetic resonance imaging. Potential incidence of accordant effects is dependent on many factors such as device, device programming, scanner, and pulse sequence characteristics.
repeated RF pulses used for signal induction in MRI induce strong electric fields in the body, leading to RF energy deposition into the tissue. 24 This can result in heating of the body tissue up to several degrees Celsius even in patients without CIED. The amount of actual energy deposition in the surrounding tissue is basically given by the specific absorption rate and also depends on the size and shape of the body and the imaging protocol. The leads of CIED can show strong electromagnetic coupling effects with these RF fields induced in the body. 25 -27 This so-called 'antenna effect' is accompanied by the possibility of particularly intense local heating ( Figure 2 ) and subsequent tissue damage due to oedema or necrosis at small device-to-tissue interfaces such as the tip of the lead. 28 These thermal effects might eventually lead to an increase in pacing threshold, capture loss, or arrhythmia induction. Specific absorption rate, lead design, and configuration of the leads in the body are key determinants of local RF energy deposition. 21, 28 Fractured or abandoned leads, or epicardial leads that are not cooled by blood flow may carry an increased risk of severe heating. 29 Also adequate selection of magnetic resonance imaging landmark can significantly reduce potential heating hazards in CIED patients.
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Magnetic resonance imaging and cardiovascular implanted electronic device in the early 20th century
One decade ago, the rapid development and use of MRI and CIED in clinical practice, the technical considerations and several clinical reports on the occurrence or absence of adverse events led to a rapidly increasing interest in the topic not only in cardiologists and radiologists but also the cardiovascular device industry. In an editorial to a focused issue on this topic in 2005, it was stressed out that in order to make MR scanning as safe as possible, there would have to be an industry-wide effort from concept to market to design and construct implantable cardiac devices and leads for the MRI environment. 31 In this regard, all components of an implantable system need to be developed, tested, and proven safe for current and evolving MRI technologies. This viewpoint was also shared by the device companies, who accepted the challenge to address this unmet medical need by designing future device systems to be safe by design not by chance.
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Clinical trials on magnetic resonance imaging in patients with conventional PMs and implantable cardioverter defibrillators 
Pacemaker patients
Most early studies focused on examinations in 0.5 T scanners. 35 -38 In a total of 99 patients, no major adverse events were reported. Problems reported were activation of the Reed switch and diminished battery voltage in selected patients. 38 One recent study investigating the effects in a current day low-field MRI scanner was performed at 0.2 T. 39 In 114 patients, no adverse events were detected. Until then, 14 studies assessed the outcome in 1.5 T MR scanners in a total of 806 patients.
12,13,40 -51 There were no major difficulties or adverse events reported. Similar to the trials in the 0.5 T MR tomographs, an impact on the functioning of the devices was seen in several cases, including a decrease in battery voltage, an increase in pacing thresholds, or power-on-resets. The detected changes in lead parameters did not require surgical revision or reprogramming. The largest study also addressed long-term effects. One hundred and fifteen examinations were performed on 82 patients. An increase in pacing thresholds of .1.0 V was noted in 3% of the leads. In seven patients, an electrical reset of their pacemakers requiring new device programming was detected. 13 A Spanish study focusing on 2.0 T MRI reported uneventful scanning of 13 patients. 52 Recently, the first studies were performed at 3.0 T to evaluate the safety of cardiac electronic implants at higher magnetic field strengths. In a total of 44 patients, all receiving cranial MR scans using a transmit-receive head coil, there were no clinically relevant alterations in device configuration and parameters, no arrhythmias, and no electrical resets. 53 One trial on 14 patients with no scan restriction showed also no adverse events. 54 The major clinical studies on MRI in patients with cardiac pacemakers are summarized in Table 1 . Of note, 15 trials (of 24) did not include pacemaker-dependent patients. This might temper the results with regard to safety of MR scans in these patients.
Implantable cardioverter defibrillator patients
The impact of 1.5 T MR scanning on device function in ICD patients was investigated in 13 studies. 41 -50,55 -58 Overall, 365 patients were included. The best powered trial with regard to patient numbers to evaluate the safety of MRI in ICD patients was performed in 201 patients. 49 To assess long-term adverse effects, device interrogation was between 3 and 6 months after the MRI procedure. Even though smaller events were reported, there were no clinically significant changes that necessitated device reprogramming or revision of generator or leads. Of note, three of the patients experienced power-on resets during either cardiac or cranial MR scans. This study subsumed that MRI might be an option in ICD patients with no imaging alternative, provided MRI is carried out in centres with specific expertise and equipment.
The major clinical studies of MRI scans performed in patients with ICDs are summarized in Table 2 .
Many trials on MRI in CIED patients also included patients with a need for chest scans. Even though theoretical considerations as well as experimental findings suggest additional risks 30 36 Sommer et al. 37 
44
Reed switch activation, continuous pacing in the static field -Valhaus et al. 38 
32
Decrease in battery voltage, reed switch activation Gimbel et al. 35 
5
One power-on-reset 1.5 Martin et al. 12 
54
Significant threshold changes in 9% of leads Gimbel et al. 40 
10
Seven patients had alterations in pacing thresholds Sommer et al. 13 
82
Increased capture threshold. In 4/115 patients troponin increased Nazarian et al. 47 Repetitive scans (171 examinations in 47 patients) caused decreased pacing capture, battery voltage Mollerus et al. 45 
(127 total)
Decreased sensing amplitudes and impedances Halshtok et al. 46 
(18 total)
Five power-on-resets Burke et al. 47 24 (38 total) -Buendia et al. 48 
(33 total)
Two temporary communication failures, one sensing error, one safety signal Nazarian et al. 49 
(438 total)
Two power-on-resets, significant changes in lead parameters Cohen et al. 50 
(109 total)
Decreases in battery voltage in 4%, pacing threshold increases in 3%, impedance changes in 6% Boilson et al. 51 
32
5× power-on-reset, 3× asynchronous pacing 2.0 Del Ojo et al. 
Imaging artefacts in patients with cardiovascular implanted electronic device
Metallic and other electrically conductive medical devices might not only cause direct harm to the patient in the MRI environment but also bear the risk to disturb MR images. This can significantly hamper diagnostic value of MRI, particularly if the cardiovascular devices are implanted close to the area of interest, like in cardiac or breast imaging (Figure 3) . While accordant investigations found most modern pacemaker systems to show only little effect on cardiac MR images-at least when implanted in the right pectoral region-especially ICD systems will often cause larger imaging artefacts or even total signal void in cardiac images mainly due to the larger battery. 59, 60 This effect can even be experienced in MR conditional devices and should already be taken into account before the patient is admitted to the MRI rather than referred for an alternative diagnostic technique.
Magnetic resonance-conditional cardiovascular electronic devices
As a superordinate system to classify MRI safety, the following terminology has been established in medical products 15 One short asymptomatic pause in pacing during scanning, One power-on-reset Gimbel et al. 58 
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One power-on-reset Nazarian et al. 
(127 total)
Decreased sensing amplitudes and impedances Halshtok et al. 46 9 (18 total) -Burke et al. 47 14 (38 total) -Buendia et al. 48 
(33 total)
One sensing error Nazarian et al. 49 
(438 total)
One power-on-reset, changes in pacing threshold Cohen et al. 50 
(109 total)
Decreases in battery voltage, pacing threshold increases, and impedance changes hardware and software components, which have been tested and officially approved for the MRI environment under certain predefined conditions. Such hardware alterations regarding the devices include the minimization of ferromagnetic materials to reduce mechanical forces and vibrations, the use of specific filters to prevent overand undersensing, and replacement of the Reed switch by a Hall sensor to exclude unpredictable activation in the magnetic field. Magnetic resonance imaging conditional pacemakers and ICDs were also provided with a special MRI software mode, which has to be activated by the physician before the patient enters the MRI. This software mode typically includes features like bipolar stimulation with highvoltage output in VOO mode for pacemaker-dependent patients, or temporarily turns off therapy. The risk for unintended coupling of the leads with the gradient and RF fields has been lowered by specific alterations in lead design, namely to reduce the risk of uncontrolled pacing and excessive heating of the lead tip. 21, 28, 61, 62 During the past years, several additional model lines have received the FDA or EMA approval for clinical use. The first device officially labelled MR conditional in the EU was released in 2008, and the first FDA-approval for the U.S. market followed in 2011. A randomized clinical trial investigating the effects of MRI in these devices showed no major complications and only mild changes in capture and sensing values, confirming a convenient safety profile in clinical practice. 63 As a main advantage over the earlier MR conditional devices, the follow-up product of this first MR conditional system is approved for full body MRI scans without an exclusion zone. This system has been evaluated in an unblinded clinical study, 62 showing no major complications. Other device companies followed this example launching their MR conditional pacemakers between 2010 and 2012. Currently, an increasing number of cardiovascular devices is approved for MRI by the regulatory authorities and there is continuous energetic development in the field. Main device-specific considerations particularly refer to the field strength of the scanner (mostly 1.5 T), the permitted scan zone (no thoracic exclusion zone), and sequence specific SAR (,2.0 W/kg). In November 2011, for the first time an ICD system was labelled MR conditional for 1.5. Today, even 3.0 T MRI in several of these devices is possible, and also the first CRT-D systems gained approval for the MRI. Current manufacturer-specific recommendations are listed in Supplementary material online, Table S1 . An overview of CIED currently labelled MR conditional is given in Supplementary material online, Tables S2 and S3. Additional information can also be obtained from noncommercial websites on this subject (www.MRIsafety.com, Accessed 13 march 2015).
'Off-label magnetic resonance imaging' in patients with cardiovascular implanted electronic device
As a result of the comprehensive research and several clinical trials performed over the last years, as well as the generally accepted clinical need, the majority of new devices entering the market in the future is very likely to be labelled 'MR conditional'. In these devices, manufacturer recommendations should be followed as strictly as possible by the treating physicians if patients are referred to the MRI, in order to avoid unnecessary acute or long-term risks for the patient. Despite this fact there might still be indications for MRI overextending current manufacturer recommendations and/or approval. Moreover, many patients with older CIED not labelled MR conditional will have the need for an MRI in the near future, particularly in the light of new improved MRI techniques and diagnostic indications appearing constantly. Recently, several authors have claimed that MRI should still be considered a diagnostic option in these patients, 19, 59 because based on the findings from several recent clinical studies published, a low complication rate can be expected. However, the approach to perform MRI in patients with non-MR conditional CIED requires specific extended background knowledge and expertise, and also additional resources such as the ability for device programming and patient surveillance. 64 Therefore, such an approach is expected to most likely remain in the hands of a few specialized centres in the near future. With the broad number of already existing implanted CIED components, and the advancing MR technique with more advanced imaging techniques and probably higher field strengths, MRI in patients with unsafe pacemaker and ICD systems will remain a problem over the next years.
General recommendations for magnetic resonance unsafe cardiovascular implanted electronic device
Open issues regarding MR safety remain in patients -without MR conditional devices -with MR conditional devices and abandoned leads -with MR conditional devices (impulse generators) but nonconditional leads -with devices separately labelled MR conditional, but not as a system
If MRI is considered in such patients, a comprehensive patient-specific risk-to-benefit analysis should be performed, with a particular focus on available potential alternative imaging methods. Some aspects to be considered in this regard are listed in the following. Despite the fact that some of the measures are also mentioned in the 2013 ESC guidelines on cardiac pacing, 64 these recommendations are not based on officially delivered guidelines, but rely on the findings from the large set of basic research, clinical studies, and/or expert opinions. The following suggestions therefore represent the authors' vision on the subject on the basis of these external findings and personal experience:
-Sensing, pacing threshold, and lead impedances should be in a normal range.
13
-No other implants should be present in the patient's body.
21
-No abandoned or epicardial leads should be present.
29
-All devices should be implanted for longer than 4-6 weeks.
17
-Devices should be implanted in the chest area/pectoral region.
21
-The patient should be of normal weight and aspect (no children), specific acute or chronic diseases such as fever or diabetes might increase patient risk.
In case a careful risk-to-benefit analysis favours MRI, the following general recommendations regarding device programming and MR imaging should be considered 49 -Devices should be programmed to special MRI mode if available.
-In non-MR conditional pacemakers: D00/V00 with maximized output for pacemaker-dependent patients, otherwise pacing off (e.g. 0D0). -Tachycardia detection and therapy (ICDs): off. -1.5 T MRI should be preferred. 18 -Gradient slew rate should not exceed 200 T/m/s. 20 -Emergency equipment/external defibrillator as well as a device programmer should be present during the MRI. -Continuous patient monitoring (electrocardiography/pulse oximetry) during the MRI. -Dorsal patient position. 28 -Imaging landmark near the device (thorax) should be avoided. 30 -Local transmit coils should be avoided.
-SAR and scan time should be limited. 45 If applicable, these general safety issues should be followed in both conventional pacemakers/ICDs and in MRI conditional devices.
Conclusions
Magnetic resonance imaging in patients with cardiovascular implanted electronic devices has historically been regarded a general contraindication. However, research over the last decade led to the recommendations in the 2013 ESC guidelines, where MRI might be possible if following certain prerequisites. 64 Today, a broad selection of device systems is available which are approved for the MRI environment under certain defined conditions, typically also including a dedicated device-specific 'MRI mode'. Both cardiologists and radiologists should generally aim to strictly follow these manufacturer recommendations, in order to avoid unnecessary risks for the patient. In cases where these recommendations cannot be met, or if a device not labelled MR conditional has been implanted, a careful case-by-case analysis should be performed by the responsible physicians, specifically including alternatively available imaging techniques, thoroughly balancing the patient-specific risks vs. the anticipated diagnostic benefits. If this analysis brings about a decision in favour of MRI, specific general precautions should be taken on the basis of the available preclinical and clinical studies, particularly including attentive patient surveillance during the procedure and carefully implicating convenient options for device reprogramming directly before and after the MRI.
Supplementary material
Supplementary material is available at European Heart Journal online.
Funding
Funding to pay the Open Access publication charges for this article was provided by The University of Würzburg, Germany and the Comprehensive Heart Failure Center, Würzburg, Germany.
